We provide theoretical tests of a novel experimental technique to determine mechanostability of proteins based on stretching a mechanically protected protein by single-molecule force spectroscopy. This technique involves stretching a homogeneous or heterogeneous chain of reference proteins (single-molecule markers) in which one of them acts as host to the guest protein under study. The guest protein is grafted into the host through genetic engineering. It is expected that unraveling of the host precedes the unraveling of the guest removing ambiguities in the reading of the force-extension patterns of the guest protein. We study examples of such systems within a coarse-grained structure-based model. We consider systems with various ratios of mechanostability for the host and guest molecules and compare them to experimental results involving cohesin I as the guest molecule. For a comparison, we also study the force-displacement patterns in proteins that are linked in a serial fashion. We find that the mechanostability of the guest is similar to that of the isolated or serially linked protein.
INTRODUCTION
A common way to study mechanical stability of proteins is through single-molecule force spectroscopy (SMFS) by stretching the protein under study serially connected to either repeats of itself or repeats of another protein, which acts as a single-molecule marker (see, e.g., Ref. [1] [2] [3] [4] [5] [6] [7] . The interpretation of the resultant pattern usually involves an assumption about the serial (as opposed to simultaneous) character of unraveling, which is not obvious since the degree of seriality may depend on the temperature (T) (on raising the T, thermal fluctuations become more and more comparable to the effects of forces due to the potentials and make the modules unravel in an increasingly simultaneous manner) 8 . In addition, an arrangement of domains that are repeated in tandem undergoes partial unraveling in all domains before showing single-domain events even if the domains are identical. This may result in F -d patterns that are not simple superpositions of the isolated single-domain patterns. 9 protein under study, referred here as guest (G), is grafted and mechanically protected into a host (H) protein instead of being linked to it in series. For short, we shall call this as an HG connectivity. The grafting is accomplished through cloning of a guest DNA sequence into the host coding sequence and subsequent expression of the fusion protein. When modeling, the grafting is equivalent to cutting one of the peptide bonds in the known host protein and reconnecting the ends through the guest protein. In this article, we provide studies, mostly theoretical, which explore whether the proper workings of this new method involve some conditions that need to be met and whether single-domain patterns are indeed reproduced even though the system studied involves a complex topology. Thus, our question is whether the Fd pattern of an isolated protein is the same as that inside a carrier protein?
The differences between various possibilities to connect proteins are illustrated in Figure 1 (made using VMD software) 12 for four proteins with the Protein Data Bank (PDB) 13 structure codes: 1BNR, 1UBQ, 1G1K, and 1C4P, which correspond to barnase, ubiquitin, cohesin I module of scaffoldin, and the b domain of streptokinase, respectively. In the top panel, they are connected in series. In the bottom panel, all the four proteins are connected in parallel-an arrangement that is purely hypothetical as it has not been carried out experimentally (its engineering would involve disulphide bonding). In the middle panel, 1C4P, 1UBQ, and 1G1K are connected in series but 1UBQ acts like a host to 1BNR-a guest protein. Prima facie one may think that G is in parallel to H, but it is actually grafted inside the host (see Fig. 1 ). The expected force-extension curves are shown in the right hand panels of Figure 1 . In the serial connection, the proteins unfold stochastically and the process tends to start from the module of the lowest mechanical stability and finish on the most mechanostable one. In the HG connection, G is isolated from the tension arising in Figure 1 Polyprotein configurations in SMFS: the standard series (the top left panel) and the "host-guest" configurations (the middle left panel) are both different from a hypothetical "parallel" configuration (the bottom left panel). The corresponding force-distance curves are shown in the right panels. The four proteins used and their contributions to the forces are shown in different colors: 1BRN, red; 1UBQ, green; 1G1K, blue; and 1C4P, purple. The vertical and horizontal scale bars in the right hand panels are 100 pN and 10 nm, respectively. In the host-guest configuration, H, G, and A mark the host, guest, and single-molecule markers, respectively. The figure was drawn using the VMD software. 12 H (i.e., is mechanically protected) until H unfolds. In the parallel connection, nanomechanics is very difficult to study, because unfolding does not depend so much on the force as it does on the size of the molecule: the module with a shorter linker will be the first to unravel. However, the significant interferences between various modules would make the assignment of the force patterns to the structural events complex. These interferences may hide a peak originating from a low-force module, as illustrated for 1BNR in the right bottom panel (represented by a red dashed line). Eventually, when all the modules are unraveled, the further extension will be governed by the shortest module.
A more detailed view of an HG construct is shown in Figure 2 (top right panel) where the middle domain in a chain of five ubiquitins is fused to an I27 domain of titin (1TIT). The bottom right panel in this figure shows the traditional serial linkage of one ubiquitin and four I27s. The expected advantage of the HG connectivity is that unraveling of the host protein should signal the onset of events related to unfolding of the guest molecule and thus make the guest pattern identification process unequivocal. 10 In this article, we test the HG approach theoretically by grafting several guest proteins of known F -d patterns into linkages of proteins whose F -d patterns are also known, at least theoretically. We stretch the constructed arrangements at constant speed by using a coarse-grained structure-based model described in Ref. 8, [14] [15] [16] and analyze the resulting unfolding trajectories in terms of how they agree with the pattern of the isolated guest molecule. We consider homogeneous and heterogeneous strings with a grafted module and discuss situations in which the guest and host molecules have mechanostabilities at various ratios. The mechanostability is defined here as the height of the maximum isolated force peak, F max .
Our main finding is that the new method works well when F max of the host molecule is substantially higher than that of the marker molecule as, in this case, the signal from the guest follows immediately after the signal from the host instead of being preceded by a signal from the unraveling linkers mixed with that due to the host. However, there is one more condition that had better be satisfied: The results are more reliable if the host molecule is endowed with a single-force peak. If several force peaks are involved, then peaks coming from G and H partial unfoldings can be interspersed, which may make the reading of the guest F -d signals uncertain. Still the ambiguities are significantly reduced when compared with a serial linking of the guest molecule. Independent of the ability to identify the signal properly, there is still an issue of whether the measured value of F max of the grafted host protein is the same as when in isolation. In many cases, we find that it is about the same within the range of thermal fluctuations. Finally, there could be differences between various ways of selecting sites in the host molecule for the introduction of the guest. Three choices on the accessible surface of I27 and one on the surface of ubiquitin are indicated in the left panels of Figure 2 . These cuts do not affect any secondary structures (i.e., are located in loops). Our tests (shown in Supporting Information) do not indicate any noticeable change of the results related to making the choice in the specific cut in I27, but it is likely that some wrong cuts can be found. Overall, the HG approach to measurement of mechanostability is a big improvement over the serial approach. Nevertheless, it is still not free of some ambiguities, which should be removed if the host is much more mechanostable than the single-molecule markers. 
THE MODEL AND THE EXPERIMENTAL METHODS
The coarse-grained model Our starting point is the generation of the native structures. The basic protein structures are obtained from the PDB (the first chain was taken when there were several available). The constructs with grafted proteins are obtained by using the "sculpting tool" of PyMol software. 17 This is a rather crude method of reorganizing the backbone as no energy minimization is involved. However, it assures stereochemical correctness and reconstructs proper topologies. Its usage can be justified by the coarse-grained character of the model. Once the cut in the host protein is made (e.g., between sites 9 and 10 in ubiquitin and 27 and 28 in I27), its conformation near the cut sites is adjusted carefully to allow for making a connection to the termini of the guest protein. In the case of ubiquitin acting as host, its termini were extended by polyalanine linkers; for otherwise, a strong distortion in the original ubiquitin structure would be produced. Examples of the resulting host-guest constructs are shown in Figure 3 . The flanking proteins are attached, also using PyMol, to the ready host-guest constructs. It should be noted that, in our model, polyalanine is just a string of beads. In reality, however, it may form secondary structures: either helical or coiled and b structures, depending on the precise properties of the solvent and the length of the peptide. 18-20 For our purposes, these structures are of no consequence as their rupture involves small forces.
The dynamics is implemented within the coarse-grained approach 8,14-16 in which the degrees of freedom are associated with the C a atoms. Their interactions are governed by the contact map as determined through atomic overlaps. 21 The native contacts between C a atoms i and j at distance r ij are described by the Lennard-Jones potential
, where r ij is determined for each pair ij, so that the potential minimum coincides with the native distance. Our estimate of the binding energy parameter e $ 110 pN=A is based on comparison to experiments on protein stretching. 22 This energy corresponds to about 800 K multiplied by the Boltzmann constant k B , so the room temperature is closer to 0:35 e=k B than 0:3 e=k B at which most of our simulations have been performed. The slightly lower temperature usually leads to best folding. Thermostating is implemented by using Langevin noise and damping terms. 23 Nonnative contacts are purely repulsive and are given by the truncated LennardJones potential that is cut at the minimum of 4 Å . Covalent couplings such as those along the backbones are described with a harmonic potential with spring constant 50 e=A 2 . Stretching is implemented by attaching termini of the whole structures to two springs. One of them is anchored and another moving with a speed of 0.005 Å /s, where s is of order 1 ns. This time scale takes into account diffusion through an implicit solvent. A native contact is considered broken if r ij exceeds 1:5 r ij . Identification of the domain that is being unraveled at a displacement d goes through monitoring of the contacts that get ruptured and plotting the so-called scenario diagrams 8,15 (data not shown here). When making the HG constructs, one has to check that no contact interactions between H and G are introduced. If they are, one can remedy the situation by introducing poly-alanine linkers as illustrated in Supporting Information (see Supporting Information Fig.19 ).
Experimental methodology
We focus on protein 1G1K that has not yet been studied by using the novel HG linkage. The coding sequence for 1G1K was cloned between AgeI/SmaI sites in pFS-2 vector as described 10 using c1C plasmid as a template. 24 Sequence was verified by sequencing and Escherichia coli C41 cells were used for protein expression. The protein was purified by Ni 21 -affinity, followed by size-exclusion and ionic exchange chromatographies. Finally, clean fractions were concentrated in phosphate-buffered saline/0.2 mM ethylenediaminetetraacetic acid/5 mM dithiothreitol buffer, aliquoted and stored at 280 C. AFM experiments Figure 3 Illustration of how guest proteins are connected to the central host domains. In the left panels, the host molecule is 1TIT and the insertion is between sites 27 and 28. In the right panels, the host molecule is 1UBQ and the insertion is between sites 9 and 10. Polyalanine linkers (shown in blue in the right panels) are used to facilitate the connection. were carried out in a home-made AFM described elsewhere. 24 A drop of 10-20 lL of protein sample was incubated on NTA-Ni 21 cover slips for 15 min before SMFS analysis using Biolever (Olympus) cantilevers at a pulling speed of 400 nm/s. Data were collected and analyzed with IGOR PRO (Wavemetrics) and WSxM (Nanotec) 25 . In addition to standard criteria, only those traces showing a peak corresponding to the host unfolding were included in the analysis.
RESULTS AND DISCUSSION

Single proteins
We find that the results of our stretching simulations are governed primarily by the mechanostability properties of individual proteins involved, such as the values of F max and the number of force peaks that are present in the F -d curves. We start by presenting the F -d curves for six single proteins (Fig. 4) : barnase -1BNR, 26 binding domain of streptococcal protein G -1GB1, 27 I27 domain of titin -1TIT, 28 ubiquitin -1UBQ, 29 module of cohesin I -1G1K, 30 and streptokinase b-domain -1C4P. 31 For brevity, the PDB structure codes will be used to refer to these proteins from now on.
The proteins are arranged according to their values of F max , as listed in the panels: 1BNR has the smallest mechanostability of the six (1.1 e/Å , i.e., $120 pN), while 1C4P has the largest (5.1 e/Å , i.e., $560 pN). Under physiological conditions, 1C4P is actually a tetramer, but for simplicity, we envision dealing with an isolated single chain. This protein has been predicted 22 to have the highest value of F max among the 17,134 single chain proteins considered if one puts aside systems in which resistance to stretching is provided by the cystine slipknot mechanism instead of the common mechanism that involves shearing between b-strands. Unlike 1C4P, the second strongest protein, 1G1K, is endowed with a multipeaked F -d pattern indicating that several different regions of the proteins get ruptured independently at various stages of pulling. The predicted value 22 of F max of $430 pN is close to 425 pN obtained experimentally. 24 There is some discrepancy for 1BNR-the reported experimental value of F max is about 70 pN 32 and the predicted one is $120 pN. However, the agreement with experiment for the remaining proteins 1GB1, 1TIT, and 1UBQ is significantly better with the experimental values of F max being 190 pN, 33 204 pN, 34 and 203 pN, 35 respectively. It should be noted that any discrepancies between the theoretical and experimental values of F max are not relevant for our purpose because our approach involves combining proteins of various strengths within the same theoretical model and comparing the resulting F -d curves. To make the comparisons, we should take into account error bars that are thermal in nature. They are of order 0.1 e/Å , which is derived from comparing several trajectories.
Homogeneous host chain
We first consider chains of five identical domains. The central domain is connected to two domains on each side; they are numbered 1, 2, 4, and 5. We have found that the number of the flanking proteins affects the overall F -d pattern, but the value of F max associated with the G proteins does not depend on the number of the flanking modules (within the thermal error bars). The central (third) domain is also "cut open" to connect to the guest protein. This central domain then acts as a host to G. Such structures will be referred to by using the shorthand notation:
where i and j indicate the sites in H to which the termini of G are connected (with or without linkers) and j is just equal to i 1 1 (though more general schemes can be envisioned). For homogeneous chains, H is identical to A. Otherwise the chain is referred to as being heterogeneous. We consider A to be either 1UBQ or 1TIT. For a comparison, we also stretch proteins connected in series, as described by
if H is distinct from G, or 2 Ã A2G22 Ã A otherwise. In each case, we generate five distinct trajectories. We illustrate the findings by showing four F -d curves for the novel HG connectivity and two for the serial Figure 4 Isolated molecule F -d curves of the proteins studied in this article.
connectivity. In the main text, we illustrate our findings by discussing four systems, while results for all other systems analyzed are shown in the Supporting Information. In the following, the terms "weak," "strong," and so on refer to the values of F max in isolated proteins.
G of the same strength as A5H
We first consider the situation in which A5H5G (the sign of equality means identity of the protein). The F -d curves are shown in Supporting Information: Supporting Information Figure 1 for 1UBQ and Supporting Information Figure 2 for 1TIT. We observe that the modules unfold in a trajectory-dependent order as the symmetry between individual domains is broken by thermal fluctuations. The random character of unfolding also applies to the serial connectivity. In the HG connectivity, G need not to unravel just past unraveling of H, though in most cases it does. In the serial case, all of the force peaks are essentially the same in height, and the heights agree with the single module value. In the HG case, the values of F max associated with G may depart from the single module case in a stronger way.
G weaker than A5H
Here, we consider A5H51UBQ and G51BNR. In the serial connection, G is expected to unravel first as it constitutes the weakest module. This is indeed so as evidenced by the two bottom panels of Figure 5 . The remaining domains unfold in an arbitrary order. For the HG connection, G always follows H which means that a rupture of H signals the onset of the unfolding of G. However, we observe one case (the top right panel) in which G unravels after only a partial unfolding of H. Once G gets unraveled, unfolding of H is resumed. The value of F max remains equal, within the error bars related to thermal fluctuations, to the single module case as evidenced by Table 1 in Supporting Information for 40 situations with two strong host molecules 1C4P and 1G1K. On analysing results presented Table 1 , we also conclude the structural modifications in the H and G molecules that are necessary to implement the grafting do not affect the values of F max when compared to the values for the unmodified proteins-all differences are smaller than the standard deviations between five trajectories. This indicates that the PyMol-based sculpting tool we use is adequate.
G stronger than A5H and single-peaked Figure 6 is for A5H51UBQ and G51C4P. In contrast to the situation discussed just above, unraveling of G comes last when the modules are in series. Furthermore, G also unravels the last when the connectivity is of the HG type. We have not observed a trajectory in which G would unravel immediately after H. In spite of this, F max for G in the HG strategy is essentially the same as when G is in isolation.
Figure 5
The case of G weaker than H5A. The top four panels show examples of the F -d trajectories for the chain of 1UBQ in which the central (third) module, denoted as H, acts as host to 1BRN, denoted as G. Thus, G51BRN and H5A51UBQ. The dotted line indicates the value of F max for an isolated 1BRN. G is inserted between sites 9 and 10 in H.
Figure 6
The case of G stronger than H5A. Similar to Figure 5 but with 1C4P replacing 1UBQ as a guest molecule, that is, G51C4P and H5A51UBQ.
Experimental data on guests of various ratios of mechanostability
Recently, the unfolding force of guest proteins with similar 10 or lower 36 mechanical stability than their host has been experimentally studied and found that the grafted protein had a similar mechanostability that the serially arranged one. Here, we also stretch an HG protein where the guest presents higher mechanical stability compared to the host. We have engineered a protein containing cohesin I of Clostridium cellulolyticum scaffoldin (1G1K) as a guest in a ubiquitin host of the pFS-2 vector 10 (Fig. 7) . In this HG configuration, 1G1K shows an unfolding force of 403 6 64 pN) (mean 6 standard deviation; based on 43 molecules) that is slightly lower than that reported previously (425 6 55 pN) for the serially arranged protein 24 although this difference is not statistically significant (P 5 0.1 according to Welch 2 sample t-test). This result supports the predictions of our simulations. Thus, the observed unfolding force of a HG-grafted protein is similar to that measured in serial constructions. It is interesting to note that most F -d recordings obtained had to be discarded due to the absence of the unfolding peak of the host ubiquitin even though 1G1K peak was observed, which was probably due to a destabilization or even the prevention of fold formation of the host module. Similar destabilizing effects of a grafted protein have been described in the literature, and specifically, when two C-cadherin modules were expressed in the pFS-2 vector, no carrier was observed (see Ref. 10 and references therein). This effect might be reduced if longer linkers were added between the host and the guest modules as in the structural models performed in this study. 
Heterogeneous host chain
Our analysis so far indicates that the most reliable experimental scenario involving homogeneous chains is one in which the investigated protein G is weaker than A (which coincides with H) since then unraveling of H indeed acts like a marker for the F -d trace associated with G. One can enhance the disparity between H and A by considering heterogeneous chains in which H is stronger than A. Figure 8 gives an example of a strong singlepeaked H-it is for A51UBQ, H51C4P, and G51TIT. For the serial connectivity, G may unravel at various stages, but H will always come last. For the HG connectivity, however, the last stage involves unraveling of H that is followed by unraveling of G. The remaining modules unravel earlier and in an arbitrary order. In Figure  8 , the values of F max associated with G are either the same or weaker than for the isolated molecule G. In two top panels (the first and the last), the reduction is about 10%. However, this reduction is within the range associated with the size of thermal fluctuations (typically of order 0:1 e=k B , but smaller than 0:2 e=k B ). For other examples of G listed in Table 1 in Supporting Information (and based on five trajectories in each case), one observes, on average, either a reduction or an increase in the value of F max for G. The change, however, is again within the scale of the thermal fluctuations.
The situation gets more complicated when the strong central H module generates, a multipeaked pattern, as illustrated in Figure 9 . Here, 1C4P is replaced by 1G1K. We observe that now unraveling of G is still coupled to unraveling of H. However, the latter proceeds in stages and G unfolds after the first force peak of H is built. The process is also illustrated in Figure 10 , which shows the related conformational changes. Using multipeaked strong proteins as host for HG connection is thus not very convenient as the identification of the studied F Figure 9 The case of G weaker than both A and H (H > A > G). Similar to -d trace gets difficult. In addition, the values of F max for G are noticeably smaller.
Connecting proteins with cystine knots
The ultimate goal of the new method to study the mechanostability of proteins is to provide unequivocal assignment and characterization of the force peaks associated with a guest protein, which is not trivial particularly in the case of certain intrinsically disordered proteins. As we have shown, this task is helped by using a host that is sufficiently sturdy so that its signature comes later than that of the single-molecule markers and immediately before the features of the guest protein. We have found theoretically 22,37-39 that exceptionally high values of F max are associated with certain proteins, mostly growth factors and super-stable small peptides known as knottins, which incorporate the cystine knot motif.
In Supporting Information, we explore the possibility of using the proteins with the cystine knots as hosts in the novel way of measuring mechanostability. We find that the use would be difficult to implement because cleavage procedures would be required to generate situations in which the relevant mechanical clamp (the cystine slipknot) could be harnessed. Furthermore these procedures themselves would reduce the mechanostability of such hosts.
CONCLUSIONS
We have compared two basic schemes to connect proteins for the purpose of measuring their mechanostability: a serial one and another in which a guest protein is grafted into a host. We have demonstrated, through theoretical and experimental studies involving several different proteins, that the host-guest connectivity works fine for an unambiguous identification of the force-displacement pattern associated with the guest protein independent of whether the main chain of proteins is homogeneous or heterogeneous. One may think that F max of the grafted protein need not, in general, be the same as in its "free" or ungrafted state. However, we have shown that it is, within limits set by thermal fluctuations, provided the host protein comes with a singleforce peak.
In general, unraveling of the guest molecule may be separated from that of the host by force peaks originating from the marker molecules. For the guest to unravel just after the host, one of the two conditions has to be met: either the host has to be stronger than the markers or the markers have to be stronger than the guest. It is important to notice that in the HG strategy discussed here, the best configuration, at least experimentally, is to choose host stronger than marker and thus ensuring that guest will be the last to unfold.
